Since its introduction, the avidin-biotin-peroxidase (ABC) complex has become an invaluable detection system for a wide d e t y ofbioanalytical applications. In these techniques, avidin and biotin-peroxidase are mixed at a pre-determined ratio so that the soluble ABC complex retains biotin binding sites, Consequently, the complex contains an excess of avidin over biotinylated peroxidase residues. On theoretical considerations, however, an ABC complex designed for maximal signal intensity must consist of an excess of peroxidase over avidin molecules. Therefore, ABC complexes with reversed molar ratios of biotinylated peroxidase to avidin
Introduction
The avidin-biotin-peroxidase (ABC) complex (Hsu et al., 1981a,b) has proven to be one of the most versatile detection systems in immunocytochemistry (Wilchek and Bayer, 1988) . Conventionally, the complex is used in a two-or three-step sequence, where it is bound to a biotinylated first or second antibody via its biotin binding sites (Hsu et al., 1981a,b) . To further enhance signal intensity, several laboratories have attempted to integrate the ABC complex into multistep techniques (see Discussion).
Following another approach, signal intensity may be enhanced by modrfying the composition of the ABC complex itself. As mentioned above, the complex is conventionally designed to visualize biotinylated molecules in tissue sections and usually contains an excess of (strept)avidin over biotinylated peroxidase residues. On theoretical considerations, however, an ABC complex designed for maximal signal intensity should consist of an excess of peroxidase over (strept)avidin molecules. In the present work, therefore, ABC complexes with reversed molar ratios of biotinylated peroxidase to (suept)avidin (rABC complexes) were prepared and an intermediate streptavidin step was introduced to bind the rABC complexes to biotinylated IgG molecules. The signal generating power of this new streptavidin-rABC sequence was investigated in ELISA assays and in immunostaining of tissue sections.
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(rABC complexes) were prepared and an intermediate streptavidin step was introduced to bind the rABC complexes to biotinylated IgG molecules. The signal generating power of this new streptavidjn-rABC sequence proved superior to that of the conventional ABC technique in ELBA assays and in immunostaining of tissue sections. (JHistochem Cytdem KEY WORDS: Reversed ABC (rABC) complex; Biotin; Avidin; Streptavidin; Immunocytochemistry; Signal systems; Pre-embedding staining; Post-embedding staining; Tracing.
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Materials and Methods
Determination of Horseradish Fkmxidase Concentration. The concentration of biotinylated horseradish peroxidase (HRP) in Reagent B of the Elite ABC kit (Camon; Wiesbaden, Germany) was determined by absorption of its hemin group at 405 nm. Several dilutions of Reagent B were measured and compared to a standard curve obtained from graded concentrations (0.25-5 mg/ml) of commercially available pure HRP (Type VI; Sigma, Munich, Germany).
Determination of HRP Activity. Alternately, concentration of peroxidase in Reagent B was determined via its enzymatic activity (Gallati, 1979) .
Ten pl of appropriately diluted enzyme was added to 100 pl substrate solution (10 mg ABTS and 1 4 30% H202 in 10 ml 100inM acetate and 50 mM phosphate buffer, pH 4.2) in microtiter plates. The reaction was stopped by addition of 100 ~1 0 . 1 % sodium azide after 5 or 10 min and absorption was read at 405 nm. Enzyme concentration was calculated using commercial pure HRP as reference.
Determination of Avidin Content of Elite A Reagent by SDS-PAGE. The avidin concentration of Reagent A was estimated by SDS-PAGE (Laemmli, 1970) . Samples containing 1-3 pl Reagent A or graded amounts (0.2-2.0 pg) avidin D (Vector; Camon) were separated on 9% polyacrylamide-SDS gels. Gels were stained in a solution containing 50% methanol, 10% acetic acid, and 0.1% Coomassie Brilliant Blue R25O for 15 min at room temperature (RT). Gels were destained by repeated washing in 10% acetic acid.
The avidin concentration in Reagent A was estimated from the gels by selecting the amount of avidin D that yielded an identical or closely similar staining intensity. Samples containing Reagent A and avidin D were run in adjacent lanes to facilitate comparison.
Protein Determination. Determination of the protein concentration in Reagent A was achieved with the BCA (bicinchoninic acid) assay (Smith et al., 1985) .
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Coating of Microtiter Plates. Microtiter plate wells (Falcon 3912; Becton Dickinson, Oxnard, CA) were coated with 100 pl of a solution containing a mixture of 1-20 pg biotinylated goat anti-rabbit antibodies (Camon) and 500 pg bovine serum albumin (BSA) (Serva; Heidelberg, Germany) in 100 ml50 mM carbonate buffer, pH 9.6, overnight at RT. Residual binding sites were blocked by incubation with 150 pl EL.ISA washing buffer (EWB; 50 mM phosphate buffer, pH 7.2, with 0.15 M NaCI, 0.05% Tween 20, and 0.02% sodium azide), containing 0.1% hemoglobin (Sigma), for 15 min at RT, followed by three washings with PBS (150 mM NaCl and 5 mM KCI in 10 mM phosphate buffer, pH 7.4).
Reactivity of the Elite ABC Complex with Biothylated Protein (B-GaR).
The Elite ABC complex was prepared by adding 100 p1 avidin (50 ng, Reagent A) and 10 pl biotinylated HRP (25 ng, Reagent B; Vectastain Elite ABC; Camon) to 1 ml PBS-A (PBS containing 2 mglml bovine serum albumin), followed by incubation for 30 min at RT to allow complex formation. ABC samples were further diluted 1:lO in PBS-A and applied to B-GaR-coated plates. Incubation was carried out for 2 hr at RT. After three washings with PBS, bound ABC complex was visualized with 100 PI of a substrate buffer consisting of 10 mg Z,Z'-azino-bis-( 3-ethylbenzthiazolin-6-sulfonic acid) diammonium salt (ABTS, Sigma) in 10 ml of 100 mM acetate and 50 mM phosphate buffer, pH 4.2, supplemented with 1 pl of 30% H202, for 5 min at RT. The reaction was stopped by addition of 100 p1 0.1% aqueous sodium azide and the absorbance read at 405 nm.
Reactivity of Elite ABC with Streptavidin. B-GaR-coated plates were washed three times with PBS and thereafter incubated with a solution containing 12.5 pg streptavidin (SA) (Amersham; Braunschweig, Germany) and 10 mg hemoglobin in 10 ml PBS (PBS-Hb) for 60 min at RT. The Elite ABC complex was prepared and diluted as above, applied for 120 min, and visualized as described.
Reactivity of Different rABC Complexes with B-GaR. The rABC complexes were prepared from the Elite ABC reagents. After adding 10 pl avidin (50 ng, Reagent A) and 15 to 50 p1 biotinylated HRP (37.5-125 ng, Reagent B) to 1 ml PBS-A and incubation for 30 min at RT to allow complex formation, rABC samples were further diluted 1:10 in PBS-A and applied to B-GaR-coated plates. After 120 min at RT, bound rABC complexes were visualized as described above.
Reactivity of Different rABC Complexes with Streptavidin. B-GaRcoated plates were treated with SA as described above. The rABC complexes were prepared from the Elite ABC reagents and diluted as above, applied for 120 min, and visualized as described.
post-embedding Staining of Semi-thin Sections with the Elite ABC Technique. Semi-thin araldite sections 1 p.m thick from rat cerebellar cortex were collected on aminosilane-coated glass slides and etched as previously described (Meyer et al.. 1991) .
Sections were pre-incubated in 10% NGS (normal goat serum; Lab-Systems, Aidenbach. Germany) for 30 min and treated overnight at RT with a primary anti-GABA antibody (Meyer et al., 1991) . appropriately diluted in 10% NGS. Two PBS washings were followed by pre-incubation in PBS-A and by treatment with biotinylated goat anti-rabbit antibody (Camon), diluted L1000 in PBS-A, for 6 hr at RT. After the same washing sequence, the Elite ABC complex, prepared from equal volumes of Reagent A and Reagent B at a 1:lOOO dilution in PBS-A and pre-incubated for 30 min to allow complex formation, was applied for 60 min at RT. After two washings in PBS and pre-incubation in a solution containing 1.4 mM 3,3'diaminobenzidine tetrahydrochloride (Type 11; Sigma), 10 mM imidazole in 50 mM Tris buffer, pH 7.6, for 10 min at RT, peroxidase activity was visualized by incubation in the same solution supplemented with 0.015 % H202 and 0.3% ammonium nickel sulfate for another 6 min. Finally, sections were dehydrated and coverslipped.
Post-embedding Staining of Semi-thin Sections with the SAlrABC Technique. After treatment with primary and biotinylated secondary antibody as described above, sections were incubated with a solution of 12.5 pg streptavidin in 10 ml PBS-A for 60 min at RT. These sections were then treated with the rABC complex, prepared from the Elite ABC kit by addition of 10 pl avidin (Reagent A) and 20 pl of biotinylated peroxidase (Reagent B) to 10 ml PBS-A and pre-incubation for 30 min to allow complex formation, for 60 min at RT. Visualization was carried out as described above. The Elite ABC complex is prepared from avidin and B-HRP in a 1:l molar ratio (see Table 1 ). It contains considerable numbers of biotin residuesaswell as free biotin binding sites (see also Figure 2 ). (c) The rABC complex is prepared from avidin and B-HRP in a 1:2 molar ratio (see Table 1 ). Note that it still contains free biotin binding sites.
Results
Composition of ABC Complexes
In the conventional ABC technique (Hsu et al., 1981a) a pre-formed soluble ABC complex is used. Based on the concentrations of the reagents, the corresponding ABC complex contains avidin and biotinylated peroxidase in a molar ratio of about 2:1 (Figure la) . Thus, four molecules of signal enzyme are introduced at each binding site in microtiter plates or tissue sections.
Recently, a modified ABC version, the Vectastain Elite ABC system, was found to generate a considerably higher signal intensity (Ellis and Halliday, 1992; and Veh et al., unpublished observations) . To gain insight into the thus far unknown composition of the new complex, the concentrations of avidin D in Reagent A and of biotinylated HRP in Reagent B of the Elite ABC kit were estimated. The concentration of peroxidase amounted to about 0.25 mglml (about 7.5 pM) as determined by its optical density at 405 nm. This value was confirmed by estimation of enzyme activity with respect to a pure reference sample. SDS-PAGE of the Reagent A yielded a single band co-migrating with authentic avidin D. Because protein determination with the bicinchoninic acid assay (Smith et al., 1985) was disturbed by unknown non-protein contaminations, the avidin concentration was estimated from the gels by comparing with increasing amounts of reference avidin D. A value of about 0.5 mglml was obtained, corresponding to about 7.6 pM avidin (molecular weight 67 KD; Green, 1975) . This value was confirmed by replacing Reagent A from the Elite ABC kit by a 0.5 mg/ml solution of avidin D in PBS. The resulting ABC complex yielded a signal intensity identical to that of the authentic Elite ABC complex in the ELISA assay.
Taking these results together, the Elite ABC complex apparently consists of avidin D and biotinylated peroxidase in a molar ratio of about 1:1, as shown in Figure 1b . Two different conclusions can be drawn from these data. The roughly 1:1 molar ratio demonstrates an increased percentage of enzyme molecules in the Elite ABC compared with the conventional ABC complex (see Figures la and Ib), which is in good agreement with the improved performance of the Elite system. Furthermore, the presence of accessible biotin residues in the Elite ABC complex is suggested, which is readily verified in an ELISA assay ( Figure 2 ).
Development of the SAhABC Technique
On theoretical consideration, an ABC complex designed for maximal signal intensity should consist of an excess of peroxidase over avidin molecules. For this reason, ABC complexes with higher molar ratios of biotinylated peroxidase to avidin than in the conventional technique were prepared, introducing an intermediate SA step to bind the rABC complexes to biotinylated IgG molecules.
Signals obtained with this sequence were compared to that of simple biotinylated peroxidase in an ELISA assay (for details see Materials and Methods). The highest intensity was obtained with a complex prepared from 10 pl Reagent A and 20 pl Reagent B (Figure 2) . representing a molar 1:2 ratio of avidin to biotinylated peroxidase ( Figure IC) . Further increase of Reagent B above 20 pl resulted in decreasing signals, presumably due to the formation of smaller complexes. (c) This streptavidin-ABC interaction is specific, as it is largely reduced by blocking the streptavidin with 1 pM free biotin before incubation with the ABC complex. These data document that the complex also exhibits accessible biotin groups. Thus, the Elite ABC complex apparently does not correspond to an avidin-saturated complex (Figure la) . It is therefore better represented by a scheme with both accessible biotin groups and biotin binding sites (Figure lb) .
Therefore, this complex apparently contains the maximal amount of peroxidase molecules with a reversed ratio of avidin to biotinylated peroxidase molecules ( Figure IC) . Even these reversed ratio ABC complexes (rABC complexes), however, retain some ability to bind biotinylated proteins (B-GaR, not shown) and thus contain residual biotin binding sites, as suggested from the scheme.
In all cases the signal was due to pre-formed complexes of avidin and peroxidase. The biotinylated enzyme on its own (Figure 3 , column 0:l) produced only 6-8% signal compared with the optimal complex.
Antigen Detection on Microtiter Plates
The sequence of streptavidin followed by the rABC complex (SAlrABC technique) proved superior to the conventional ABC procedure in two aspects. It provides increased sensitivity for detection of low amounts of biotinylated antibodies in microtiter plates. Using concentrations of 20-200 nglml biotinylated protein for coating, an increased signal was found over the entire concentration range (Figure 4) . Thus, when a minimal extinction of 0.1 or 0.2 is considered as detection threshold, the sensitivity of the SAIrABC system is about threefold higher compared with the conventional procedure. Furthermore, the rABC complex can be used at much lower concentrations than the conventional ABC complex. When applied at tenfold higher dilution, the signal of the conventional system drops to below 40% of its original value, whereas about 80% of maximal intensity is retained in the SAlrABC system (data not shown).
Antigen Detection on Semi-thin Sections
To examine whether the increased sensitivity of the SAlrABC sequence in the ELISA technique is paralleled by improved antigen detection in immunocytochemistry, post-embedding staining of GABA-like immunoreactivity in the rat cerebellar cortex was used as of 1:lOOO or 1:2000 of the primary anti-GABA antibody must be applied. When the primary antibody is applied at much higher dilution (1:20,000), signal intensity decreases below satisfactory levels with the conventional ABC procedure. Therefore, in the cerebellar cortex overall staining appears much too weak, basket cell bodies are hardly discernible, and the number of GABA-positive puncta, probably representing axons and their terminals, is low (Figure 5a ). At the same ddution of the primary antibody, however, the SAlrABC sequence still produces appropriate labeling. Sufficient contrast can be obtained, basket cells are clearly stained, and the number of puncta with GABA-like immunoreactivity is largely increased (Figure 5b ) compared with conventional procedure (Figure la) . As seen from the above, the new SAIrABC sequence is indeed able to detect a given primary antibody at much higher sensitivity compared with the conventional ABC technique. Therefore, it may represent an important tool to lower unspecific effects in postembedding staining of semi-thin sections or other immunocytochemical procedures by increasing the dilution of the primary antibody. Furthermore, the new technique may be helpful to detect antigens that are expressed in very low amounts and therefore may not be picked up by the conventional procedure. (Meyer et al.. 1991) , diluted 1:20,000 in 10% NGS overnight at RT. This dilution is tenfold higher than usually applied by the authors when visualization is achieved with the Elite ABC procedure. Nevertheless, there is highly satisfying staining with the SAlrAEC technique (b), whereas the Elite ABC procedure produces only faint reactivity (a). Ear = 10 pm.
Discussion
Avidin-biotin-based signal systems were introduced into immunocytochemistry with the application of biotinylated antibodies. Either enzyme-labeled avidin or a sequence consisting of avidin followed by biotinylated peroxidase (Guesdon et al., 1979) was used for their detection. This sequence can be regarded as the simplest form of an ABC system. As (strept)avidin contains four biotin binding sites, a maximum of three molecules of signal enzyme (biotinylated peroxidase) can be introduced for each accessible antibody-bound biotin residue (Figure 3, &I) .
When a soluble complex of avidin and biotinylated peroxidase (ABC complex; Hsu et al., 1981a) is used, pre-determined amounts of avidin and biotinylated peroxidase are mixed and incubated for 30 min at RT to allow complex formation. The procedure suggests that during this time avidin molecules react with the biotinylated peroxidase until all available biotin residues are consumed. A certain number of biotin binding sites remain available for reaction with the biotinylated primary or secondary antibody.
The dominant HRP isoenzyme contains six lysine residues (Welinder, 1976; Shannon et al., 1966) . As biotinylation of HRP is usually performed at high (about 100-fold) biotin:HRP ratios (Hsu et al., 1981a,b; Guesdon et al., 1979) , most of these lysine residues should be biotinylated in the resulting B-HRP molecule. Considering the four biotin binding sites of each avidin molecule (Green et al., 1971) , the smallest stable ABC complex should be composed of an avidin core surrounded by about four biotinyl peroxidases with an outer shell of eight avidin molecules, finally yielding a molar ratio of nine avidins to four biotinyl peroxidases (Figure la) . This ratio favorably compares to the molar 2:1 ratio obtained from the data in Table 1 .
A further major improvement was achieved with the introduction of the Vectastain Elite Kit (Vector Laboratories, 1987) . Apparently, the superior performance of this kit is simply based on dou- bling the concentration of biotinylated peroxidase compared with the conventional ABC protocol (Hsu et al., 1981a) . When the composition of the ABC complex i s calculated on the basis of the concentrations in the Elite Kit (see Results), a molar ratio of about 1:1 is obtained (Figure lb) , leading to a further increase of the number of signal enzymes for each accessible antibody-bound biotin residue (Figure 3, 1:l) . Conventional ABC complexes are intended for direct binding to biotinylated antibodies or other molecules. Therefore, a slight excess of (strept)avidin over biotinylated peroxidase is required for their preparation, to retain some biotin binding sites (see Figure Ib) . In contrast, the rABC complexes as described here are prepared at a considerable excess of biotinylated peroxidase over (strept)avidin. The favorable ratio of biotinylated peroxidase to (strept)avidin in the rABC complexes corresponds well to the increased signal as obtained with the new SA/rABC procedure (Figure 3, 1:2) . Theoretical considerations suggest that a further increase in the ratio of biotinylated peroxidase to (strept)avidin should result in the formation of smaller complexes. This is substantiated by the observed decrease in signal intensity (Figure 3, 1:3 to 15) .
Certainly, the schematic drawings of the individual ABC complexes (see Figure 1 ) are based on several assumptions. Thus, a complete reaction between avidin and B-HRP is anticipated, with no significant amounts of single molecules or fragmental complexes left behind. Furthermore, it is assumed that no steric or other hindrances preclude the accessibility of four binding sites of each avidin and B-HRP molecule. Based on these restrictions, minimum-sized complexes are shown in the schemes, and two-and threefold sized complexes might well be possible. Thus, the eightfold increase in signal intensity, when the avidin-B-HRP sequence is compared with the ABC technique (Figure 3) , can hardly be explained by minimum-sized complexes and therefore supports the existence of larger aggregates. Unfortunately, the absolute size of the ABC complexes is unknown. Therefore, the final composition of the different ABC complexes remains to be established.
Elite ABC Complexes Contain Accessibk Biotin Residues
During the preparation of an Elite ABC complex, avidin molecules react with biotinylated peroxidase to form soluble complexes. On theoretical considerations, these complexes should increase in size as long as either accessible biotin residues or free biotin binding sites on the avidin molecules are available.
Our results demonstrate that the Elite ABC complex still contains accessible biotin residues, as expected from its composition (see Figure 1b ). From the theoretical standpoint, this represents an incomplete stage of complex formation. Two of these complexes still should be able to combine with each other, forming a new complex twice as large. To explain the discrepancy, steric reasons are unlikely, as we have shown that biotin residues and biotin binding sites are still accessible (Figure 3 ). On the other hand, one might argue that with increasing size of the complexes, their molar concentration decreases dramatically. Therefore, the chance of one ABC complex hitting another one to combine with it may drop close to zero at reasonable reaction times. The definitive reason, how-ever, why these complexes cease to further react with each other remains unclear at present.
Attempts to Increase tbe Sensitivity of Peroxidase Complex-based Signal Systems
Several reports are available describing attempts to increase the sensitivity of peroxidase complex-based signal systems for immunocytochemistry. Different approaches include variations in the ratio of avidin to peroxidase reagent for preparation of conventional ABC complexes (Cattoretti et al., 1988; Madri and Barwick, 1983) , repeated application of signal complexes in various sequences with anti-biotin, anti-avidin, or anti-peroxidase antibodies or in combination with the PAP technique (Wilson and Easterbrook-Smith, 1993; McQuaid and Allan, 1992; Speel et al., 1992; Davidoff and Schulze, 1990; Cassano, 1989; Swanson et al., 1987) , new substrates (Conyers and Kidwell, 1991; Kobayashi and Tashima, 1989) , or the new procedure of catalyzed reporter deposition (Adams, 1992; Bobrow et al., 1989) .
There is certainly an increase in signal intensity when larger complexes or sequences containing several signal complexes are used. On the other hand, extended reaction sequences are time-consuming and, in some instances, deleterious to tissue sections. Furthermore, increased size of the signal complex is often accompanied by a considerable decrease in tissue penetration.
In contrast, in the present study an increased signal intensity was achieved by using an optimal composed complex (rABC complex) containing twice as many enzyme as avidin molecules, instead of merely increasing complex sizes. The new SAlrABC sequence offers several advantages over existing systems. Background staining occasionally represents a serious problem when low amountS of antigen must be detected. This unspecific staining can often be lowered by reducing the concentration of the primary antibody, unfortunately with a concomitant decrease of signal intensity. This problem may be overcome with the new SA/rABC sequence, as this technique can detect a given primary antibody at much higher sensitivity compared with the conventional ABC procedure. This may become especially important when neuroanatomic tracing techniques are based on immunocytochemical detection of the tracer molecule. Alternatively, expensive primary antibodies can be applied at up to tenfold reduced concentrations, thus leading to considerable cost reduction.
Finally, the SA/rABC technique may well be performed in sequence to other signal amplification systems. Considerable signal enhancement by combining the SA/rABC sequence with the newly described "catalyzed reporter deposition" technique (Bobrow et al., 1989) is already suggested by preliminary experiments in our laboratory and requires further examination. 
